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INTRODUCTION

The inversion of transient soundings for a coincident loop
system on a layered halfspace is provided by program NLSTCO.
The numerical technique uses a general adaptive nonlinear
least-squares algorithm originally developed by Dennis and
others (1979), and extended externally for <constrained
nonlinear regression by Anderson (1982a). The corresponding
forward problem solution--also required 1in the inverse
solution--is defined in Anderson (1982b). The numerical
integrations used in NLSTCO are by adaptive digital 1linear
filtering as described in Anderson (1975) and Anderson
(1982¢c). Because digital convolution (filtering) methods
are used, practical solutions for layered earth models are

reasonably fast on most computers.

This report summarizes the general nonlinear least=squares
(NLS) method wused in Anderson (1982a), but as applied to
observed transient soundings obtained using a coincident or
single loop system placed on an assumed horizontally layered
earth model. 1In addition, the quasi-static case is assumed
(i.e., displacement currents are neglected). The system
must use an "on-off" step current source of arbitrary
current, where the transient decay voltage 1is measured
during the off~time (i.e., after t>0 sec.). An arbitrary
maximum of 10-layers (homogeneous and isotropic) may be
used; however, with most present time-domain
electromagnetic (TDEM) measurement systems, only a few

layers are generally resolvable for the given time range.
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To avoid repeating the notation and other details of the

forward problem solution in this report, the reader is

referred to Anderson (1982b)--which has been updated from
the original published version. Similarly, details on the
NLS method may be found in Anderson (1982a). The present
report will provide a brief description of the calculations,
specific program parameters, and the VAX operating
instructions. Appendix 1 offers some suggestions in
converting the VAX program to other computer systems;
Appendix 2 1lists a simple input/output test example (taken
from a known forward solution model); and Appendix 3 gives
a partial source listing (the complete source is available

on the distributed tape, as described in Appendix 3).

SUMMARY OF CALCULATIONS

The NLS method described in Anderson (1982a) requires a
twice-continuously differentiable nonlinear objective
function F describing the model equation as a function of
the unknown layer parameters (i.e., the conductivities and
thicknesses of an MM-layered earth, MM>0). 1In this case, F
is given by the transient V(t) defined in Anderson (1982b,

p.6), as
%)

V(t) = 2 C S Re[E(Yb)/E,] cos(bT) db, (1)

™ o
where discrete observed values [V(tL)’tL’ i=1,2,...,N}] are
given. In some cases (e.g., data stacking), an associated

standard deviation s; may also be known, and should be wused
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for a weighted least-squares solution (see parameter IWT=l

in Anderson, 1982a, p.l1l4).

Optionally, F may be given in terms of converted apparent
resistivity (see SINIT parameter IOPT=1 below) instead of
v(t). In this céée, the wuser must convert the observed
transient data [V(tb)’tL] to apparent resistivitx, data
[?a(tt)’til using the same transformation as given in Raiche
and Spies (1981, p.54-55), where the wunits should be

V(volts/amp), t(seconds), and ?“(ohm-meters).

When F is defined as in eq. (1) and IQOPT=0 (default), then
any convenient wunit may be wused for V (e.g., volts/amp,
millivolts/amp, etc.), since the constant C in &eq. (1) can
be determined 1in the least-squares to account for a scale

(or amplitude shift) factor times V(t).

For ~either IOPT=0 or 1 <cases, the independent time
variable t>0 must be given 1in seconds and in ascending

order, and is assumed to be known without error.

The unknown (nonlinear) model parameters are denoted by
the vector B(J), and has the following assumed order:
B(1),B(2),...,B(MM) are the MM-layer conductivities (in
mhos/m.),

B(MM+1),B(MM+2),...,B(2*MM-1) are the MM-1 layer thicknesses
(in m.), and

B(2*MM) is a transient scaling (or amplitude shift)
parameter depending on the form of F chosen via $INIT

parameter IOPT.
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Thus, the discrete objective function F may be expressed

for either IOPT=0 as

F = B(2*MM) ([V(t;,B(J), J=1,2,...,2%MN-1)/B(1)],
or for IOQOPT=1 as (2)

Fo= B2¥MM) [p,(t;,B(3), J=1,2,...,2%mu-1)],

where i=1,2,...,N and N>2*MM>2 (1<MM<10). Note that the
IOPT=0 form of f has been normalized by the unknown B(l), so
that B(2*MM) is a scaling constant free from B(l); the
exact form of B(2*MM) can be determined from Anderson
(1982b), if desired, and is related to the <constant C in

eq. (1) above.

In terms of the NLS notation (Anderson, 1982a, p.l1l-12),
let X(I,l)=tL and Y(I) be the observed F in eq. (2), then
the observed data matrix is

(Y(I),X(I,1),I=1,2,4..,N).

Since V(t) can range several decades in magnitude for
tlﬁtstN, it is advised when IOPT=0 that a weighted
least-squares option be used (see IWT=1 or 2, Anderson,
1982a, p.l4~-15), which requires the augumented data matrix

(Y(I),X(I,1),X(I,2),I=1,2,...,N),
where X(I,2)=sL is the standard deviation (IWT=1) of
observation Y(I), or X(I,2) is the variance (IWT=2). Note
that if st is unknown, one could use the statistical weight
(Bevington, 1969, p.l1l08) of 1/Y(I) by setting X(I,2)=Y(I)
and IWT=2; in this case, this would be preferred over using

unity weights (IWT=0). However when IOPT=1, 1IWT=0 can
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generally be used, since the range of Pm(t) is usually much

less than the range of V(t) in most cases.

The analytical partial derivative subprogram (PCODE) was
not included 1in program NLSTCO, therefore the estimated
derivative option (IDER=1) must be used, which requires only
the forward problem solution subprogram (FCODE). See
Appendix 3 listing of FCODE for the <coding details, which
follows the method described in Anderson (1982b) for

computing V(t) and (or) P“(t)'

Because realizable layered earth models are sought to fit
the given data, a constrained minimization type (SP=3 or 4)
is advised, along with reasonable lower and higher parameter
bound arrays, BL(J) and BH(J) respectively, where
BL(J)XB(J)XBH(J), J=1,2,...,2*MM (see Anderson, 1982a,
p.17). This approach limits parameter space searching, and
in some <cases may avoid false starts (or <catastrophic
overflow conditions from poor estimates and data). In
addition, individual parameters can be fixed in the
least—-squares wusing parameters IP and IB (Anderson, 1982a,
p.13). In particular for the IOPT=1 case, one can wusually
fix B(2*MM)=1, provided the observed (converted) apparent
resistivities are properly scaled. Similarly, for the
IOPT=0 case; B(2*MM) can be fixed if the constant C in
eq.(1) is known a priori. [Actually, if the system
calibration is known, then the constant C can be determined;
therefore B(2*MM) should be fixed to reduce the number of

unknowns, and to reduce the possibility of finding an
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equivalent but highly improbable solution.] In any case, the
user should attempt to give a reasonable starting guess
vector B(J) corresponding to the given data matrix. It 1is
advisable to Dbegin with a few layers (e.g., MM=1l or 2)
before trying models with more 1layers. For present TDEM
equipment, generally only a few layers are all that can be
resolved, due mainly to the small discrete time range

t'ititN and noise level in observing V(t).

In general, one should not expect both IOPT=0 and 1 to
yield the same exact solutions for a given data set--due
mainly to data noise, discrete time-range given, Qcaling,
and the use of different weighting options. For exact data
(as in Appendix 2), both TIOPT=0 and 1 produce nearly
identical solution vectors; for noisy observed data, this
is rarely true, although the earth models resolved by both
cases should give approximately "equivalent layers" for good
fitting cases (i.e., 1f small parameter errors and RMS
error).

PARAMETERS, FILES AND DATA REQUIRED

All SPARMS parameters (excluding the ISTOP=0 option),

program files (FOR0OOS5-FORO16), and data ordering
requirements used by NLSTCO are identical to those described
in detail for subprogram NLSOL (Anderson, 1982a, p.9-21),
and therefore will not be repeated here. However, note that
the ordering of the $PARMS estimated parameter vector B(J)
used by NLSTCO must be given exactly as described above 1in

eq. (2). The S$INIT model parameters required by NLSTCO must
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be given after the object-time format statement on FOROOS

(see

Anderson, 1982a, p.l0, item 5). Also see the EXAMPLE

below and Appendix 2 for a typical data input.

SINIT PARAMETER DEFINITIONS

SINIT parameters (nondefault parameters must be given):

MM=

IOPT=0

I0PT=1

Number of layers in the model (1<MMS10; default
MM=1 for a homogeneous haif-space). Since NLSOL
also requires the total number of parameters K,
then make sure that K=2*MM is given in $PARMS also.
(See the section ERROR MESSAGES below for a
discussion on K=2*%MM dual input requirement.)
(default) means that the data matrix
(Y(1),x(1,1),I=1,N) is given with  Y(I)=V(t)
transient data, which may be unscaled and in any
units as determined by B(2*MM) in the least-squares
solution. X(I,l)=tL must be given in seconds and
in ascending order for I=1,2,...,N.

means the data matrix (Y(I1),X(I,1),I=1,N) is given
with Y(I)=?m(t) apparent resistivity data (in
ohm-m.). The shift parameter B(2*MM)=1 can be
fixed via $PARMS 1IP,IB provided the apparent
resistivity 1is known to be scaled correctly.
X(I,1)=tL must be given in seconds and in ascending
order for I=1,2,...,N.

Radius (in m.) of the transmitter circular 1loop,

where A>0 must be given. [Note that a square loop
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EPS=

NB=6

of side L (m.) 1is considered equivalent to a
circular loop of radius A (m.), where A=L/1ﬁ?.]
Requested convolution integration tolerance used to
compute all Fourier and Hankel transforms by
digital filtering (default EPS=0.1E-9).

(default) is the lower induction number for which
the normalized E/EO frequency response (Anderson,
1982b) approaches the limit 1.0 for B<BO. This
assumption saves time by avoiding explicit response
calculations for B<BO. BO must be given (or
assumed 1.E-3 by default) as a power of 10**-n (n
integer). The default value 1is wusually adequate
for most models; for more accuracy in the
late-time transient, BOKl.E-3 can be used.
(default) is the upper induction number for which
the normalized E/EO frequency response approaches
the limit 0.0 for B>BM. This assumption saves time
by avoiding explicit response <calculations for
B> BM. BM must be given (or assumed 1.E5 by
default) as a power of 10**n (n integer). The
default value is usually quite adequate for most
models; for more accuracy in the early-time
trénsient, BM>1.E5 can be used.

(default) represents the number of induction number
points per decade (log—-cycle) to evaluate the
pre-splined frequency response function E(B)/EOQ.
In general, 3<NB{1ll 1is usually adequate for most

applications (NB<3 is not recommended for accuracy
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SEND

reasons). If NB=0 (or NB>1ll) is specified, then a
direct mode of evaluating the frequency function is
used but as controlled by the outer time-integral
via lagged convolution (i.e., the cosine filter
using subroutine RLAGFO0). Note that NB=0 (or
NB>11) is more accurate, but much more
time-consuming than using NB<K12. [See the section
COMPUTER TIMING CONSIDERATIONS for a further

discussion on the use of NB.]

[end of $INIT parameters; the "END" in $END may be

omitted, if desired.]

EXAMPLE OF INPUT PARAMETERS AND DATA ORDERING

EXAMPLE TITLE WITH OBJECT DATA ON FOR00S5 (IALT=5)
$PARMS N=20,M=1,K=4,IP=1,IB=4,

IDER=1,IPRT=~1, IALT=5,

SP=3,IWT=1, NITER=S5,

BL=2%.,0001,10,.1,

B=.1,.01,100,.1,

BH=2*10,1000,.1%

(3F10.0)
0.1 .0004 .18
0.03 .0008 .09

—-=-—<etc. for 18 more observations>—=--
SINIT MM=2,A=100,NB=4 ,EPS=.1E-53$END

(See Appendix 2 for a complete input/output example.)
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COMPUTER TIMING CONSIDERATIONS

The computer CPU-time will vary mostly as a function of
the given $INIT parameters MM,EPS,BO,BM,NB and $PARMS
parameters N,NITER,IP,SP,1IV,V, and B. Perhaps the
parameters of greatest effect on CPU-time are how good the
initial model estimates are given in array B(J),
J=1,2,40e0.,2*MM, with respect to the obéerved data matrix.
0f course, the observed data matrix time-range and noise
level <can contribute further problems in resolving a given
layered earth model for any MM in (1,10). In some cases, it
may be necessary to fix certain parameters in B (via $PARMS
IP,IB) that cannot be resolved and/or to control the initial
theoretical transient curve behavior. Generally, it is best
to begin with a small MM (say 2 or 3), and progressively
increase MM until the RMS error cannot be further decreased.
During this "initial model searching study", several SINIT
parameters can be modified (relaxed) to significantly reduce
the overall CPU-time, but with somewhat less accurate
results (which may not besneeded for initial runs). Somne

suggestions are provided in Table 1.

Table 1. Recommended S$INIT parameters for NLSTCO

SINIT Default Faster CPU; Slower CPU;
parameter value less accurate more accurate
EPS 0.1lE-9 0.1E-5 0.1E-11

BO 1.E-3 l1.E-2 l1.E~-4

BM 1.ES5 1.E4 1.E6

NB 6 2<NB<6 6<NB<12
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For a final model run, the default values in Table 1 are
generally sufficient for most field situations, with the
exception that NB>6 may be used to reduce any noticeable
nonsmoothness in the calculated transient. (Note that NB>1ll

is not recommended for routine field work.)

Some $PARMS parameters used in the NLS algorithm can also
be m;dified to reduce the total CPU-~time when searching for
an initial model. In particular, SPARMS NITER (Anderson,
©1982a, p. 16) can be set small (e.g., 3 or 5) to force
termination of a trial run after just a few iterations.
This 1is reasonable, since it may not be necessary to obtain
normal convergence of the iteration process for preliminary
or intermediate models. Other $PARMS that control the NLS
algorithm speed and accuracy can also be overridden from
their default values (see Table 2 in Anderson, 1982a,

p. 20-21 for more details).

DATA MATRIX NOTES

The data matrix (defined following eq. (2)) is read under
the object-time format statement, and 1is defined as the
sequence of ordered rows:

(y(1),(x(1,L),L=1,M*),I=1,N),
where M*=M if IWT=0 (default), or M*=M+l if IWT=1 or 2. In
the above example, IWT=1, M=1, and therefore three columns
are required in the data matrix row, where in this case, the

last column represents the standard deviation of observation
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Y(I).

SPECIAL OBJECT FORMAT PHRASES .

If an existing data matrix file does not have the proper
defined column ordering in the form (Y(I),X(I,J),J=1,M),
then the FORTRAN "Tn" format phrase may be used to begin at
any column n in the data record. For example, the format
(T41,F10.0,T1,2F10.0) will select Y(I) wusing column 41-50
and X(I,1) beginning at column 1. See any FORTRAN-77 coding
manual for other allowable object (run) time format phrases
(e.g., the G-format, use of "/" to skip records, etc.).
Note that "tab"-characters must not be used when creating

the data matrix file FORO1O.

VAX OPERATING INSTRUCTIONS

In general, the basic steps described to . fun NLSOL
(Anderson, 1982a, p.22-24) can be followed to run NLSTCO
either on-line or in batch mode. That is, the parameter and
data matrix files may be associated with the logical names
FOROOS and FORO1O, respectively, using the VAX-DCL
statements:

SASSIGN parameterfilename FOROOS
SASSIGN datamatrixfilename FORO1O0

$RUN NLSTCO !(use S$RUN [WANDERSON]NLSTCO on USGS VAX)
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If the data matrix is included on FORO05 (i.e., wusing

IALT=5), then the FOR0O10 assignment is not necessary.

In addition, program NLSTCO has a useful "restart file"
(called FOROO5.TMP) that is automatically provided each time
the program is executed. File FOROOS5.TMP contains a copy of
all parameters on FOROOS5, plus the last solution B=-vector
obtained; note that $PARMS ISTOP=0 (Anderson, 1982a, p.l4)
cannot be wused because FOROO5 1is positioned at EOF in
creating FOROO5.TMP. 1If desired, one <can easily continue
(or restart) more iterations simply by wusing the DCL
commands:

$ASSIGN FOROO5.TMP FOROOS

S$RUN NLSTCO !(use $RUN [WANDERSON]JNLSTCO on USGS VAX)

Note that FOROO5.TMP may also be edited (using any VAX
editor) for other parameter changes, if desired. Also, the
reassignment of FOROOS5 using FOROOS5.TMP only needs to be

done once for multiple continuation runs.

By default, the master print (disk) file 1is <called
FORO16 .DAT, unless otherwise assigned. This file can be
TYPEd or PRINTed on a line printer. Also, file FOROl6 may
be wused as an input file to a plot routine; e.g., to plot
the observed (0BS), calculated (CAL), and residual (RES)
curves. If program NLSTCO is rum on-line, them a shorter
terminal print file on FOROQO6 contains some of the
information as on FOROl6, but as controlled by parameter

IPRT (Anderson, 1982a, p.l5).
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ERROR MESSAGES

Almost all $PARMS syntactical errors are flagged and
printed on files FOROO6 and FOROl6 and the job is aborted
(see Anderson, 1982a, p.24). However, some cross-references
(or dual inputs) are not checked; for example, the
relationship K=2*MM is not double checked between $PARMS K
and $INIT MM parameters. This is because a general-purpose
nonlinear least-squares algorithm (NLSOL) is being used as a
control program, but the model input is external to the
particular nonlinear problem requirements (NLSTCO) read by
subprogram SUBZ (see Anderson, 1982a, p.38). Therefore, the
user 1is responsible for providing exactly K parameter
estimates in B(I),I=1,2,...,K (see eq. (2)), and that $INIT
MM is such that K=2*MM (otherwise, wunpredictable results

could occur).

The message "{WARN}: NOISE IN CALC. TRANS DETECTED" can
occur for certain model estimates in array B with respect to
the given data matrix. This warning message actually means
that the calculated transient voltage V/I cannot be computed
accurately at late times using single-precision arithmetic
(regardless of the values specified in $INIT parameters
EPS,B0,BM, and NB). However, this <condition is usually
unimportant if the warning occurs near the beginning of the
NLS iteration. For typical field data cases, and a moderate
MM value and reasonable B estimates, one should not expect
the warning message to appear near the end of the NLS

iterations for a converging model solution.
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PRINTED OUTPUT

All input parameters are output on files FOR006 and
FORO1l6, with the $INIT parameters given first, followed by
all $PARMS parameters given or assumed by default. (Refer

to Appendix 2 for a complete sample output listing.)

Specific names (e.g., IT, NF, ...) used by NLSOL 1in the
output listings are tabulated in Anderson (1982a, p.25-26).
Program NLSTCO provides a summary listing of the final
solution vector B, along with accumulated layer thicknesses
listed under the DEPTH column (see the end of the 1listing
example in Appendix 2). The RESISTIVITY column is simply

1/SIGMA, where SIGMA is the layer conductivity (in mhos/m.).
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Appendix l.~-- Conversion to other systems

This program (and associated subprograms) was written 1in
ANSI-standard FORTRAN-77 for the VAX-11/780 system (VMS
version 2.5). Conversion to systems without an
ANSI-FORTRAN-77 compiler would necessitate extensive
changes, particularly for all CHARACTER-type variables,

IF-THEN-ELSE phrases, etc.

Since the FORTRAN-77 ANSI-standard presently does not
provide for a NAMELIST 1I/0 capability, a VAX-11 NAMELIST
simulator subprogram is included inm this program package.
For most large main-frame systems (e.g., IBM/370, CYBER,
etc.), a NAMELIST READ/WRITE is usually available; in this
case, the VAX ©NAMELIST subprogram and associated routines
(DECODEIX, DECODEX) can be eliminated; also, appropriate
changes can be made where COMMON/NAME_LIST/ and CALL

NAMELIST is used in the source program.

Other changes for non-VAX systems might include some (or

all) of the following:

(1) Variables with more than 6-characters.

(2) Use of the underscore character or dollar character in
some variables and/or COMMON names.

(3) Character strings delimited by single-quote characters
(e.g., ‘STRING’); also, character string concatination
(e.g., “STRING1’//’STRING2’).

(4) Passing variable-length character strings in subroutine

calls; e.g., CHARACTER*(*) passed 1length character
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(5)

(6)

(7)

(8)

arguments.

Need to suppress arithmetic or exponential underflow
messages (note that a VAX-1l result is automatically set
to 0.0 after any underflow=-which is assumed for this
program package); if the target system does not set
underflows to 0.0 (and suppress warning messages), then
a suitable conversion procedure must be used for proper
operation of this program package.

Replacement of any special VAX-dependent CALLS or
statements (e.g., CALL LIBSINDEX, ACCEPT, TYPE, CALL
SYSSanyname, etc.~=-note that we have minimized
machine-dependent calls, where possible).

Hexidecimal constants (e.g., “4A°X) if used in any DATA
statements.

Virtual=-sized arrays, if any (i.e, DIMENSION statements

greater than physical memory).
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Appendix 2.-- Test problem input/output listing

The following input files (FOR005.0, FORO10, FOR005.1)

were wused to run a known test problem for program NLSTCO on

a VAX system using both IOPT=0 and 1 cases separately. The

(FORO16)

corresponding output files are given following
FOROO5.1. 1In addition, each file FOROl6.DAT was wused to
plot the final observed (0BS) and calculated (CAL) curves

using an external plotter. The symbol "0O" represents Y(I)

in the plot, and the solid line represents a curve drawn

through the calculated (CAL) points.

FOR0O05.0

TEST EXAMPLE (IOPT=0 CASE)
SPARMS N=19,K=4,M=1,IPRT=-2,
IDER=1,IWT=2,SP=3,

NITER=15,

BL=2%,0001,10, .1E-4,
B=.015,.15,175,.015,
BH=2*5,1000,.1E5$
(2G16.8,T1,G16.8)

SINIT MM=2,A=175$

FORO10

0.24760853E-01
0.10053474E-01
0.40006819E-02
0.17507802E-02
0.10064364E-02
0.61590341E-03
0.38145392E-03
0.23653124E-03
0.14001100E-03
0.80269710E-04
0.43910564E-04
0.23080202E-04
0.11609703E~04
0.56222634E-05
0.26332682E-05
0.11906518E-05
0.52750261E-06
0.22667140E-06
0.96049767E-07

0.19242254E-03
0.28243766E-03
0.41456183E~03
0.60849357E-03
0.89314644E-03
0.13109597E-02
0.19242257E-02
0.28243773E-02
0.41456190E-02
0.60849362E-02
0.89314654E-02
0.13109598E-01
0.19242259E~01
0.28243775E-01
0.41456193E-01
0.60849369E-01
0.89314662E-01
0.13109601E+00
0.19242261E+00

0.11787481E+03
0.12876814E+03
0.13598529E+03
0.12994612E+03
0.10043965E+03
0.74045647E+02
0.54082642E+02
0.39451176E+02
0.29743881E+02
0.22924427E+02
0.18245232E+02
0.14912259E+02
0.12545690E+02
0.10815602E+02
0.95233335E+01
0.85751982E+01
0.78177958E+01
0.72672715E+01
0.68128695E+01
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FOR0Q5.1

TEST EXAMPLE (IOPT=1 CASE)
$PARMS N=19,K=4,M=1,IPRT=-2,
IDER=1,IWT=0,SP=3,
NITER=15,IP=1, IBz4,
BL=2%.0001, 10, .1E~4,
B=.015,.15,175,1,
BH=2#5,1000, .1E5$
(T33,G16.8,T17,G16.8)

$INIT MM=2,A=175,I0PT=1$

FORO16
(NLSTCO}: TEST EXAMPLE (IOPT=0 CASE)
MMz 2 Az 0.175000E+03 EPS= 0.100000E-09
BO= 0.100000E-02 BM= 0.100000E+06 NB= 6

IOPT= O

PARAMETER ORDER--

1 SIGMA( 1)
2 SIGMA( 2)
3 THICK( 1)
4 B( 4) SHIFT PARAMETER IN B(2*MM)*TRANSIENT
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{NLSOL}: TEST EXAMPLE (IOPT=0 CASE)

N= 19 K= 4 IP= 0 M= 1 IALT= 10
ISTOP= 1 IWT= 2 IDER= 1 IPRT= -2 NITER= 15
10UT= 1 SP= 3

FMT=(2G16.8,T1,G16.8)

PARAMETER LOWER BOUNDS: BL=

0.99999997E~04 0.99999997E~04 0.10000000E+02 0.99999997E~05
INITIAL PARAMETERS: B=

0.15000000E~01 0.15000001E+00 0.17500000E+03 0.15000000E-01
PARAMETER HIGHER BOUNDS: BH=

0.50000000E+017 0.50000000E+01 0.10000000E+04 0.10000000E+05
*% NLITR (IDER=0) OR NL2SNO (IDER=1) CALLED: 1 **

I INITIAL X(I) D(I)
1 0.546171E~01 0.208E+02
2 0.174026E+00 0.553E+00
3 0.420534E+00 0.115E+01
4 0.122434E-02 0.894E+03

IT NF F DF COSMAX VAR
0 1 0.424E-01 0.999E+00
1 2 0.219E-02 0.402E-01 0.992E+00 0.150E+02
2 3 0.175E-04 0.217E-02 0.835E+00 0.150E+02
3 4 0.320E-05 O.71uU3E-04 0.496E+00 0.124E+02
) 5 0.780E-06 0.242E-05 0.298E+00 0.964E+00
5 6 0.183E-06 0.597E-06 0.929E+00 0.384E+01
6 7 0.270E-09 0.183E-06 0Q.126E+00 0.150E+02
7 8 0.454E-11 0.265E-09 0.103E+0Q0 0.146E+02
8 9 0.454E-11 -0.200E-11 0.103E+00 0.817E+0Q0

XA%ER Y.CONVERGENCE #xxnx

FUNCTION 0.453962D-11 VARIABILITY 0.816583E+00
FUNC. EVALS 9 GRAD. EVALS 8
GRAD. NORM 0.4U2630E-06 COSMAX 0.103409E+00
I FINAL X(I) D(I) G(I)
1 0.445113E-01 0.126E+02 0.221E-06
2 0.201312E+00 0.229E+00 0.713E~07
3 0.453475E+00 0.655E+00 0.520E-07
4 0.999532E-~03 0.416E+03 0.373E-06

COVARIANCE = SCALE *® (J**T * J)¥**.q

ROW 1 0.7749E-~12

ROW 2 0.5396E-11 0.6350E-10

ROW 3 ~0.3600E~11 ~0.2628E-10 0.1905E-10

ROW 4 -0.1721E-13 ~0.1081E~12 0.7722E~13 0.3932E-15



g

Program NLSTCO
VAX Documentation

oBS.Y(I)
0.247609E-01
0.100535E-01
0.400068E-02
0.175078£-02
0.100644E-02
0.615903€E-03
0.381454E-03
0.236531E-03
0.140011E-03
0.802697E-04
0.439106E-04
0.230802e-04
0.116097E-04
0.562226E-05
0.263327E-05
0.119065E-05
0.527503E-06
0.226671E-06
0.960498E-07

MSERR=

CORRELATION MATRIX

1
2

0.1000E+01
0.7692£+00

3 -0.9371E+00

4 -0.986UE+Q0 ~0.6843E+Q0

e
1
2
3
U

thes

PARM_SOL.

0.1000€-01
0.2000€E+00
0.2000E+03
0.1000E-01

s%88 F N D

STD_ERROR

0.3803E-06
0.7969E-05
0.4364E-05
0.1983£-07

CAL
0.247609E-01
0.100534E-01
0.400073E-02
0.175074E-02
0.100648E-02
0.615859E-03
0.381450E-03
0.236535E-03
0.140013£-03
0.302703E-0u
0.839117E-0u
0.230826E£-04
0.116115E-04
0.562242E-05
0.263322E-05
0.119121E-05
0.527499€-06
0.226699£-06
0.961403E-07

0.39973941E-07

0.1000E+01
-0.7557E+00

RES
-0.764E-07
0.10tE-06
-0.498E-07
0.361E-07
-0.468E-07
0.448E-07
0.361E-08
-0.367E-08
-0.185E-08
-0.568E-09
-0.113E-08
-0.239£-08
~0.1384€-08
-0.160E-09
0.505E-10
-0.559E-09
0.341E-11
-0.279E-10
-0.905g-10

0.1000E+01

0.8924E+00
REL_

0.8803E-0Y
0.3984E-04
0.2182E-07
0.1983E-05

0.
ERROR b3

Q.

0.

*RES.ERR
-0.308u23E-03
0.100049E-02
-0.124542E-02
0.206134E-02
-0.U46U97SE-02
0.726818E-02
0.946093E-03
-0.155033E-02
-0.131995E-02
-0.707017E-03
-0.257656E-02
-0.103705€-01
~0.158063E-01
-0.283892E-02
0.191693E-02
-0.469269E-01
0.646561E-03
-0.123052E-01
-0.941573E-01

1000E+01

ERROR **

0.8803E-02

3984E-02

0.2182E-05

1983E-03

TEST EXAMPLE (ICPT=0 CASE)

PARAMETER NAME
SICGMA(

1)

SIGMA( 2)

1
2
3 THICK(
4 SHIFT

n

FINAL SOLUTION

0.99995499€E-02
0.20000650E+00
0.20000543E+03
0.10000648E-01

RESISTIVITY

0.10000u50E+03
2 0.49998374E+01

X(1,1)
0.192423€-03
0.282438E-03
0.414562E-03
0.608494E-03
0.893146E-03
0.131096E-02
0.192423E-02
0.282438E-02
0.414562E-02
0.608494E-02
0.893147E-02
0.131096E-01
0.192u23E-01
0.282438E-~01
0.418562E-01
Q.608494E-01
0.893147E-01
0.131096E+00
0.192423E+00

LAYER DEPTH

1

X(1,2)
0.247609E-01
0.1005352-01
0.400068E-02
0.175078E-02
0.10064u4E-02

0.615903E-03,

0.381454€-03
0.236531E-03
0.140011E-03
0.802697E-04
0.439106E-04
0.230802E-04
0.116097E-04
0.562226E-05
0.263327E-05
0.119065E-05
0.527503E-06
0.226671E-06
0.960498£-07

0.20000543E+03

X(I,3)
0.000000E+00
0.000000E+00
0.000000E+00
0.000000E+00
0.000000E+00
0.000000E+00
0.000000E+00
0.000000E+00
0.000000E+00
0.Q000000E+00
0.000000E+00
0.000000E+Q0
0.000000E+00
0.000000E+00
0.000000E+00
0.0000Q00E+00
0.000000E+00
Q.000000E+00
0.000000E+00
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X(I,u)
0.000000E+00
.Q00000E+00
.000000E+00
.000Q00E+Q0
.000000E+00
.000000E+00
0.000000E+00
0.000000E+00
Q.000000E+00
0.000000E+00
0.000000£E+00
Q0.000000E+00
Q.000000E+00
0.000000E+00
0.000000E+00
0.000000E+00
0.000000E+00
0.000000E+00
0.000000E+00

[=X=R=N=X=]

WIC(ID)
0.403863E+02
0.994681E4+02
0.249957E+03
0.5T11TUE+D3
0.993605E+03
0.162363E+04
0.262155E+04
0.42277T7E+04
Q.714229E+04
0.124530E+05
0.227736E+05
0.433272E+05
0.861349E+05
0.177864E+06
0.379756E+06
0.839876E+06
0.189572E+07
0.U81167E+07
0.104113E+08
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e$$$$3»5$$3$$$e5$¢$$$$$$$$$$$$$$$$o$$$&$$$$$$$$$$$$$¢$$$ 35588533
TOTAL "ELAPSED"™ TIME= 249.25 sSeC. ( 9.25 SEC.)
CPU_TIME= 235.55 SEC. ( 3 M. 55. 55 S. ) CPU % = 94.50%
BUF.I/0_COUNT= 7
DIR.I/0 COUNT= 19
PAGE FAULTS= 140

333555555555 55555555555555555555555553555555535555535835538353853

TEST EXAMPLE (IOPT=0 CASE)

.
-1 T lllllll' i lllllll' T 'Illlll‘ T LERBLRRLRI

| B R Rt

R

LB ALY}
ol

o
LB B R L]

T EYIT]

T lll‘lll
el

TRANSIENT

[}
LB SR L]
ol

_6-_ —
10 E 3
. A
-7b— p—
10 E 3
_8 1 | ) llll'l 1 11 |llll{ 1 11 l(llll L L1 1111t
10 -4 -3 -2 -
10 10 10 10 ! 10 0

TIME (SEC.)
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{NLSTCO}: TEST EXAMPLE (IOPT=1 CASE)

MM= 2 A= 0.175000E+03 EPS= 0.100000E-09
BO= 0.100000E-02 BM= 0.100000E+Q6 NB= 6

I0PT= 1

PARAMETER ORDER=--

1 SIGMA( 1)

2 SIGMA( 2)

3 THICK( 1)

§ B( 4) SHIFT PARAMETER IN B(2*MM)*APPRES
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{NLSOL}: TEST EXAMPLE (IOPT=1 CASE)
N= 19 K= 4 IP= 1
ISTOP= 1 INT= 0 IDER= 1
I0UT= 1 SP= 3

PARAMETERS HELD FIXED: IB= 4

FMT=(T33,G16.8,T17,G16.8)

PARAMETER LOWER BOUNDS: BL=

0.99999997E-04 0.10000000E+02

0.99999997E-04
INITIAL PARAMETERS: B=
0.15000000E-01 0.15000001E+00 0.17500000E+03
PARAMETER HIGHER BOUNDS: BH=

0.50000000E+01

0.50000000E+01 0.10000000E+04

PARAMETER INDEX: 1
REORDERED AS...: 1

2 3 4
2 3

REORDERED PARAMETERS:
0.15000000E-01

0.15000001E+00 0.17500000E+03

** NLITR (IDER=0) OR NL2SNO (IDER=1) CALLED: 1

Page 27

10
15

IALT=

IPRT= -2 NITER=

0.99999997E-05

0.10000000E+01

0.10000000E+05

% *

I INITIAL X(I) D(I)
1 0.54617T1E-01 0.700E+04
2 0.174026E+00 0.384E+03
3 0.420534E+0Q0 0.560E+03
IT NF F DF COSMAX VAR
0 1 0.533E+04 0.981E+00
1 2 0.209E+04 0.323E+04 0.993E+00 0.159E+02
2 3 O0.4UBE+02 0.205E+04 O0.896E+00 0.159E+02
3 4 O0.21TE+00 O0.446E+02 O0.SUBE+00 0.159E+02
4 5 0.653E-02 0.210E+00 0.S584E+00 0.747E+02
S 6 0.124E-02 0.529E-02 0.683E+00 0.123E+02
6 7 0.140E~03 0.110E-02 0.592E+00 0.121E+02
7 8§ 0.352E-04 O0.105E-03 0.284E+00 0.135E+02
8 9 0.27T3E-04 0.795E-05 O0.370E+00 0.322E+01
9 10 0.273E-04 -0.876E-05 0.370E+00 0.269E+01
Erdx% Y _CONVERGENCE ®wn#x»
FUNCTION 0.272545D-04 VARIABILITY 0.269431E+01
FUNC. EVALS 10 GRAD. EVALS 9
GRAD. NORM 0.103958E+02 COSMAX 0.369678E+00
I FINAL X(I) D(I) G(I)
1 0.445125E-01 0.131E+05 -0.103E+02
2 0.201318E+00 0.400E+03 0.109E+01
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3 0.453U68E+00

RIANCE =

0.932

1 0.4397E-13

2 0.1001E-11

0.U41UE-10

3 -0.1862E-12 -0.U661E-1T

08S.Y (1)
0.11787SE+03
0.128768E+0]
0.13598%E+03
0.129YU6E+03
0.100450E+03
0.740US6E+02
0.540826E+02
0.394512E+02
0.297439E+02
0.2292U4E+02
0.182452E4+02
0.149123E+02
0.12545TE+02
0.108156E+02
0.952333€+01
0.857520E+01
0.781780E+01
0.726727E+01
0.681287E+01

MSERR=

CORRELATION MATRHIX

1
2

e
1

2
3

TRER

0.1000E+01
0.7185E+00

PARM_SOL.
0.1000E-01

0.2000E+00
0.2000E+03

(222 END

STD_ERROR
0.2097E-06

0.6644E-05
0.2227€-05

(2R AR Y]

CAL
0.117874E+03
0.128768E+03
0.135986E+03
0.129949E+03
0.100437E+03
0.740486E+02
0.540842E+02
0.394512€+02
0.297431E+02
0.229241E+02
0.182U50E+02
0.149106E+02
0.125436E+02
0.108159E+02
0.952311E+01
0.357203E+01
0.781888E+01
0.726572E+01
0.68112UE+01

0.18457551€E-02

0.1000E+Q1
3 -0.3987E+00 ~0.3150E+00

0.10

0.20

g.1i

REL_

0.3322E-04

E+03 0

SCALE ¥ (J**T ¥ J)**-)

0.4961E-

RES
0.102e-02
-0.458€E-04
-0.626€-03
-0.310E-02
0.279€-02
-0.298€-02
-0.154E-02
-0.114E-04
0.813E-03
0.290€-03
0.244E-03
0.170E-02
0.206E-02
~0.287E-03
0.228E-03
0.317E-02
-0.109E-02
0.156€-02
0.163€-02

00E+Q1

ERROR 3
97€-04 0.
0.

14£-07 0.

.109E+01

11

1RES.ERR
0.867317E-03
-0.355494E-010
-0.460055E-03
-0.238365£-02
0.278021E-02
-0.402856E-02
-0,285657E-02
-0.290082E-04
0.273183€-02
0.126468E-02
0.133812£-02
0.113976E-01
0.164526E-01
-0.265402E-02
G.239342E-02
0.369809E-01
-0.139169E-01
0.274211E-01
0.239075€-01

ERROR **®

2097E-02
3322E-02
T114g-Q5

TEST EXAMPLE (IOPT=J CASE)

PARAMETER HAME

S -

SIGMA(
SIGMA(
THICK(
SHIFT

1)
2)
1)

FINAL SOLUTION

0.10000076E-01
0.20001782E+00
0.19999973E+03
0.10000000E+01

1

RESISTIVITY

0.9999923TE+02

2 0.49995546E+01

X(I,1)
0.192423e-03
0.282438€-03
0.414562£-03
0.608U494E-03
0.893146E-03
0.131096E-02
0.192423E-02
0.282438E-02
0.414562E-02
0.608494E-02
0.893147E-02
0.131096E-01
0.192423E-01
0.282438E-01
0.414562E-01
0.608494E-0Q1
0.893147E-01
0.131096E+00
0.192423E+00

LAYER DEPTH

1

X(I1,2)
0.000000E+00
0.000000€E+00
0.000000E+00Q
0.000000E+00
0.000000E+0Q0
0.000000€+00
0.000000E+00
0.000000E+00
0.000000E+00
0.000000£+00
0.000000E+00
0.000000E+00
0.000000E+00
0.000000E+00
0.000000E+0C
0.000000E+00
0.000000E+0Q0
0.000000E+00
0.000000€+00

0.19999973E403

X(I,3)
0.000000£+00
0.000000£+00
0.000000£+00
0.000000E+00
0.000000E+00
0.000000E+00
0.000000g+00
0.000000E+00
0.000000E+00
0.000000€+00
0.000000€E+00
0.000000E+00
0.000000E+00
0.00000CE+00
0.00000C0E+QO
0.000000E+00
0.000000£+00
0.000000€+00
0.000000E+00
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X(1,4)
0.000000E+00
0.000000£+00
0.000000E+00
0.000000E+00
0.000000E+00
0.000000E+00
0.000000E+00
0.000000E+Q0
0.000000E+00
0.000000E+00
0.000000E+00
0.000000E+Q0
0.000000E+0Q0
0.000000E +00
0.000000E+C0
0.000000E+00
0.000000E+Q0
0.000000E+Q0
0.000000E+Q0

WT(I)
0.100000E+01
0.100000E+01
0.100000E+01
0.100000E+01
0.100000E+01
0.100000€E+01
0.100000€+01
0.100000E+01
0.100000E+01
0.100000£+01
0.100000E+01
0.100000E+01
0.100000E+01
0.100000E+01
0.100000E+01
0.100000E+01
0.100000E+01
0.100000£+01
0.100000E+01
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$355 0305353535555 583555555505333538583583035533553333533383533838358

TOTAL "ELAPSED" TIME= 256.90 SEC. ( 4 MIN. 16.90 SEC.)
CPU_TIME= 238.16 SEC. ( 3 M. 58.16 S.) CPU % = 92.70%
BUF.I/0_COUNT= 7
DIR.I/O_COUNT= 19
PAGE_FAULTS= 141

FP53T 5555855555558 5555535555535355555353355555555333588553535383

TEST EXAMPLE (IOPT=1 CASE)
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z 0 ]
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< - 1
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o ]
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10 %4 -3 -2 -
10 10 10 10 ! 10 °

TIME (SEC.)
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Appendix 3.-- Source code availability and listing

Source Code Availability

The current version of the source code may be obtained by
writing directly to the author*. A magnetic tape copy can
be sent to requestors to be copied and returned. This
method of releasing the source code was selected in order to
satisfy requests for the latest (e.g., possibly wupdated)
version. [The attached 1listing does mnot include the
adaptive nonlinear 1least-squares algorithm (Dennis and
others, 1979) due to 1its length; however, the complete

algorithm is available on the distributed tape.]

The magnetic tape is usually recorded 1in the following

mode (unless requested otherwise):

Industry compatible: 9-track, standard ANSI-labeled,
ASCII-mode, odd-parity, 800-bpi density, 80~character
card-image records- (blocked 50~card images, or
4000-characters, per physical block), and contained on

a file named "NLSTCO.VAX".

* present address is:

U.S. Geological Survey

Mail Stop 964

Box 25046, Denver Federal Center
Denver, CO 80225
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Source Listing

The attached subprograms are listed in the following order:

00000010 [MAIN PROGRAM]
00000170 REAL FUNCTION ELOOP
00000460 COMPLEX FUNCTION F3ZH
00000590 SUBROUTINE RECUR
00000820 SUBROUTINE MARQ_TRANS_ELOOP_FCODE
00002120 SUBROUTINE MARQ _TRANS_ELOOP_SUBZ
00003170 SUBROUTINE X2ARES
00003520 SUBROUTINE NAMELIST
00008610 SUBROUTINE DUMYPCODE
00008650 SUBROUTINE SIGSUBEND
00009500 SUBROUTINE CPUTIME
00010070 SUBROUTINE DECODEIX
00010230 SUBROUTINE DECODEX
00010400 SUBROUTINE ERRMSG
00010740 SUBROUTINE MINMAX
00010840 SUBROUTINE NLSOL
00017130 SUBROUTINE NLITR
00018190 SUBROUTINE INTRAN
00018780 SUBROUTINE CALCR
00019270 SUBROUTINE NONBLANK
00019400 SUBROUTINE PROCINFO
00019770 REAL FUNCTION RFLAGS
00020180 SUBROUTINE SPLIN1
00021380 SUBROUTINE SPOINT
00021600 REAL*4 FUNCTION SQJ1
00025190 SUBROUTINE WARN
00025530 REAL FUNCTION ASINH
00025610 FUNCTION ERF
00025940 FUNCTION ERFINV
00026740 INTEGER FUNCTION LOC
00026850 SUBROUTINE NL2SOL
00031420 SUBROUTINE NL2SNO
00032970 SUBROUTINE NLZ2ITR
00040050 SUBROUTINE ASSESS
00044050 SUBROUTINE COVCLC
00048210 SUBROUTINE DFAULT
00049100 REAL FUNCTION DOTPRD
00049470 SUBROUTINE DUPDAT
00050050 SUBROUTINE GQTSTP
00055970 SUBROUTINE ITSMRY
00058270 SUBROUTINE LINVRT
00058700 SUBROUTINE LITVMU
00059020 SUBROUTINE LIVMUL
00059330 SUBROUTINE LMSTEP
00064440 SUBROUTINE LSQRT
00065090 REAL FUNCTION LSVMIN
00066880 SUBROUTINE LTSQAR
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00067240 SUBROUTINE PARCHK
00069160 SUBROUTINE QAPPLY
00070060 SUBROUTINE QRFACT
00072450 SUBROUTINE RPTMUL
00073200 SUBROUTINE SLUPDT
00073820 SUBROUTINE SLVMUL
00074280 LOGICAL FUNCTION STOPX
* 00074510 SUBROUTINE VAXPY
00074640 SUBROUTINE VCOPY
00074770 SUBROUTINE VSCOPY
00074900 REAL FUNCTION V2NORM
00075450 INTEGER FUNCTION IMDCON
00075620 REAL FUNCTION RMDCON
00076660 REAL FUNCTION RLAGFO
00079050 REAL FUNCTION RLAGF1
00081410 FUNCTION TCHEB
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